Facultative parthenogenesis, or condition-dependent alternation of sexual and asexual reproduction, is widespread in animals. Parthenogenesis enables unmated females to reproduce and thus has a great adaptive significance, especially under low pairing efficiency. In the termite Reticulitermes speratus Kolbe, females that fail to pair with males found colonies cooperatively with partner females and reproduce parthenogenetically. We compared the quality of parthenogenetic and sexual eggs in terms of size, hatching rate, and hatching period. We developed a method to culture isolated eggs until hatching under sterile conditions and in appropriate humidity. We successfully isolated, sterilized, and maintained the eggs on agar plates containing 200 ppm tetracycline. Females of female-female (FF) pairs began to lay eggs at the same time as those of female-male (FM) pairs. Nevertheless, the parthenogenetic eggs were significantly larger than sexual eggs. While the two types of eggs had similar hatching rates, parthenogenetic eggs had longer hatching periods (36.36Ϯ0.16 [SE] days) than sexual eggs (34.95Ϯ0.12 SE). We conclude that primary queens invest more resources into each parthenogenetic egg than each sexual egg, and that parthenogenetic eggs are as viable as sexual eggs.
INTRODUCTION
Facultative parthenogenesis enables females to produce offspring by themselves, preventing reproductive failure when they do not find a mate before dying (Cuellar, 1977) . Therefore, facultative parthenogenesis is likely to be advantageous in certain situations, even though it may be ultimately inferior to sexual reproduction in terms of long-term fitness. Recently, the importance of studying facultative parthenogenesis has been recognized as a means to investigate the evolution and maintenance of sex because it is possible to directly compare individuals with the capacity to reproduce both sexually and asexually (e.g., Corley et al., 2001; Matsuura and Nishida, 2001; Ball, 2002) .
Facultative parthenogenesis has important adaptive significance in Reticulitermes termites. In R. speratus Kolbe, females that fail to pair with males found colonies cooperatively with partner females, and reproduce by parthenogenesis (Matsuura and Nishida, 2001; Matsuura et al., 2002) . The cooperation between two females promotes their survival rates, much like monogamous foundation, whereas single females rarely survive due to extremely high pathogenic infection rates (Matsuura and Nishida, 2001; Matsuura et al., 2002) . A grooming partner is essential to survival during colony foundation because unlike ants, termites can only clean their antennae during self-grooming . In asexual colonies of R. speratus, diploid female progeny produced via thelytokous parthenogenesis develop in the same way as sexually produced offspring. According to Matsuura et al. (2004) , two facultatively parthenogenetic species, R. speratus and R. virginicus, develop mature female-only parthenogenetic colonies in the wild.
In the parthenogenesis of Reticulitermes termites, ploidy restoration occurs via terminal fuSize, hatching rate, and hatching period of sexually and asexually produced eggs in the facultatively parthenogenetic termite Reticulitermes speratus (Isoptera: Rhinotermitidae) sion, in which two haploid pronuclei that divide during meiosis II, fuse (Matsuura et al., 2004) . Parthenogenesis involves both genetic and developmental constraints, and therefore, the survival rates of parthenogens (individuals produced by parthenogenesis) are lower than those of sexually produced offspring (Lamb and Willey, 1979; . Such constraints could arise from ploidy differences or mutation accumulation (Kondrashov, 1988) or a reduction in heterozygosity associated with automictic parthenogenesis (Maynard Smith, 1986; Kondrashov, 1988) . Specifically, terminal fusion causes a rapid reduction in heterozygosity (Templeton, 1982) . Therefore, parthenogens would suffer severe inbreeding depression by expressing any recessive deleterious genes. However, supplementary (i.e., secondary or replacement) reproductives usually reproduce by inbreeding (Thorne et al., 1999) . The frequent inbreeding cycle of R. speratus may remove most recessive lethal genes from the population; the inbreeding cycle itself may act as a preadaptive selection for the evolution of parthenogenesis (Cuellar, 1977) .
The number of offspring per female is significantly less in female-female (FF) than in monogamous female-male (FM) colonies (Matsuura and Nishida, 2001) , which may be attributable to the reduced fecundity of FF pairs and the lower hatching rate of parthenogenetic eggs compared to sexual eggs. Per capita investment may also be different between sexual and parthenogenetic eggs. It is difficult to quantify actual egg survival rates in eusocial insects, especially in termites; the eggs need to be isolated from the colony soon after ovipositing because eggs are laid daily and dead ones are immediately removed. Therefore, we first developed a method to culture eggs until hatching, under sterile conditions and appropriate humidity. In this paper, we focus only on egg production and quality because post-hatching survivorship has previously been addressed (Matsuura et al., 2004) . We compared the quality of parthenogenetic eggs and sexual eggs in terms of size, survival rates, and hatching period.
MATERIALS AND METHODS
The nest wood of two termite colonies (A and B) in Onoda, Yamaguchi, Japan, was sampled in April 2005. After alates emerged from the wood, they were divided into two groups according to sex and maintained in Petri dishes containing moist filter paper until they shed their wings. Then, individual dealates were randomly chosen from each colony and assigned to either FM or FF pairs. FM pairs included a female and male from the same colony (F A M A and F B M B ), or a female and male from different colonies (F A M B and F B M A ). Similarly, FF pairs included two females from the same colony (F A F A and F B F B ), or one female from each of the two colonies (F A F B ). Each combination was replicated five times. Pairs were placed in a 52ϫ76-mm glass cell (see Matsuura, 2002; Matsuura et al., 2004) . A mixed sawdust food block was placed in the upper half of the cell, and a 10-mm-diameter hole with a 1.5-mm opening was cut out. The cell was covered with three 26ϫ76-mm glass microscope slides, and maintained at 25°C in the dark.
We monitored the glass cells every day throughout the production of the first brood and collected the eggs. Eggs were placed in a 1.5-ml microtube with 1 ml distilled water and voltexed for 30 s. Then they were washed three times, placed on a 1.5% agar plate (90 mm) containing 200 ppm tetracycline under sterile conditions, and maintained at 25°C in the dark. The length (a) and diameter (b) of each egg were measured soon after isolation under a stereomicroscope (Olympus, Tokyo, Japan) with a digital imaging system (FLVFS-LS; Flovel, Tokyo, Japan). Approximate egg volumes were calculated using the formula Vϭ4pab 2 /3. Isolated eggs were observed daily until hatching.
Data on the size of eggs and hatching period were analyzed separately by nested ANOVA followed by Scheffe's test. The survival rates of eggs among pairs were compared using Fisher's exact probability test with Holm's sequential Bonferroni correction (Rice, 1989) . Eggs that died unexpectedly before hatching (e.g., bacterial contamination) were excluded from the analysis.
RESULTS
When both primary reproductives survived, FM colonies produced 28.0 (Ϯ1.49 SE) first-brood eggs, and FF colonies produced 34.2 (Ϯ1.88 SE) first-brood eggs. The period between pairing and first oviposition was not significantly different between FF pairs (4.44Ϯ1.81 [SD] days) and FM pairs (5. 80Ϯ3.14; t-test, dfϭ22, tϭ1.18, pϭ0.25) .
The embryos of both parthenogenetic eggs and sexually produced eggs developed normally, and no visible differences were observed in development between the two types of egg (Fig. 1) . However, parthenogenetic eggs were significantly larger than sexual eggs (nested ANOVA, FF/FM: F 1 ϭ31.23, MSϭ0.058, pϽ0.0001; pair combination: F 5 ϭ 6.68, MSϭ0.012, pϽ0.0001; Fig. 2) . Details of the data set are presented in Appendix 1 (FM colonies) and Appendix 2 (FF colonies). No significant difference in hatching rate (survival rate until hatching) was detected between sexually produced eggs (Nϭ302) and parthenogenetically produced eggs (Nϭ195) (Fisher's exact probability test, pϭ0.206; Fig. 3 ). The hatching period of parthenogenetic eggs was significantly longer than sexually produced eggs (nested ANOVA, FF/FM: F 1 ϭ25. 43, MSϭ97.58, pϽ0.0001 The mean hatching period of colony FMBB-2 was considerably longer than the other FM colonies (two-tailed t-test, pϽ0.01) , and similar to FF colonies, most likely due to male infertility (Appendix 1). Because the eggs in FMBB-2 might have been produced by parthenogenesis, the data from this group were excluded from statistic analyses.
DISCUSSION
In a previous study using glass cells without isolating eggs, FM colonies produced 11.3 (Ϯ1.34 SE) first-brood eggs and FF colonies produced 18.0 (Ϯ2.00 SE) first-brood eggs (Matsuura et al., 2004) , far fewer than the results of the present study FM: dfϭ13, tϭ8.24, pϽ0.0001; FF: dfϭ7, tϭ2.91, pϽ0.05) . The 147% increased fecundity in FM colonies and 90% increase in FF colonies are likely not the result of differences in the natal colonies used in the experiments. Females should be able to recognize the present number of eggs in a colony to decide resource allocation. Therefore, the removal of eggs in the present study may have stimulated egg production. All females began to lay eggs simultaneously. Nevertheless, parthenogenetic eggs were significantly larger than sexually produced eggs, suggesting that females might be able to change the per capita investment in each egg, depending on conditions. The tradeoff between size and number of eggs may partially explain the reduced number of eggs per female in FF colonies.
Facultative parthenogenesis is widespread among Polyneoptera, especially in cockroaches (Roth and Willis, 1956; , grasshoppers (Pardo et al., 1995; Zhu and Ando, 1998) and walking sticks (Law and Crespi, 2002 ). Yet few species are particularly fecund when reproducing parthenogenetically. In most of facultatively parthenogenetic species, the viability of parthenogenetic offspring is much less than that of sexually produced offspring. In the facultatively parthenogenetic cockroach Periplaneta americana, hatching rate of unfertilized eggs is 40.5%, which is about half that of fertilized eggs (Roth and Willis, 1956 ). Among rice grasshoppers, hatching rates of unfertilized eggs are 17.8% in Oxya japonica, 10.4% in O. chinensis formosana and 5.4% in O. yezoensis (Zhu and Ando, 1998) . Parthenogenetic offspring often take longer to develop (Roth and Willis, 1956; Lamb and Willey, 1979; . A longer time for embryo development has been reported in the locust Locusta migratoria (Pardo et al., 1995) . It has been also reported that the preoviposition period of unmated females is longer than that of mated females. Fertilized females of the cockroach P. americana produced their first oothecae 13 days after emergence, while unfertilized females produced their first oothecae 25 days after emergence (Roth and Willis, 1956) . Similarly, the preoviposition period of unmated females is nearly three times longer than that of mated females in the facultatively parthenogenetic cockroach Nauphoeta cinerea .
In comparison with other facultatively parthenogenetic polyneopteran insects, parthenogenesis of R. speratus is remarkable for the high viability and the short preoviposition period. Importantly, no significant difference in hatching rate was observed between the two types of egg in R. speratus, whereas the hatching period of parthenogenetic eggs was significantly longer than sexually produced eggs. This high viability of parthenogenetic eggs clearly shows that parthenogenesis is not an accidental event but a normal strategy in this ter- mite. Among termites, parthenogenesis has been demonstrated in Zootermopsis angusticollis (Light, 1944) , Z. nevadensis (Light, 1944) , Kalotermes flavicollis (Grassé, 1949) , Reticulitermes virginicus (Howard et al., 1981) , R. speratus (Matsuura and Nishida, 2001; Matsuura et al., 2002 Matsuura et al., , 2004 Hayashi et al., 2003) , and Velocitermes sp. (Stansly and Korman, 1993) , and is suspected in R. lucifugus (Herfs, 1951) and Bifiditermes beesoni (Chhotani, 1962) . Further research may reveal parthenogenesis in many more termite species. Comparative studies on parthenogenetic ability among various species will help elucidate the evolution of parthenogenesis in termites. 
